Ultracentrifugally isolated high density lipoprotein (HDL) particles of d > 1.125 g/ml promote net transport of cholesterol from cultured cells. Consequently, when cultured human fibroblasts and arterial smooth muscle cells were incubated with HDL 3 (d = 1.125-1.21 g/ml) and "very high" density lipoprotein (VHDL, d = 1.21-1.25 g/ml), low density lipoprotein (LDL) receptor activity was induced and the rate of LDL degradation by the cells was increased. Enhancement of LDL degradation by HDL 3 and VHDL was sustained over incubation periods of 5 days at medium LDL concentrations greater than needed to saturate the LDL receptors. Even during these long-term incubations with LDL, HDL 3 and VHDL caused marked reductions in cellular cholesterol content. Thus, an increase in the rate of cholesterol transport from cells may lead to a steady-state decrease in cellular cholesterol content and a sustained increase in the rate of clearance of LDL from the extracellular fluid.
most striking effects of HDL on cell cholesterol metabolism have been demonstrated with cultured mouse peritoneal macrophages. These cells accumulate cholesterol ester via the scavenger pathway when they are exposed to structurally modified LDL 7 " 9 or p-migrating very low density lipoproteins, 10 and this accumulation is substantially reduced in the presence of HDL. 1112 These results are consistent with the hypothesis that HDL exerts a protective effect against atherosclerosis through its ability to enhance the rate of clearance of cholesterol from cells of the arterial wall. 1213 The HDL fraction of the serum is heterogenous, being composed of at least two major subfractions: HDL, (d = 1.063-1.125) and HDL 3 (d = 1.125-1.21). In addition, apo A-l-containing particles appear in ultracentrifugally prepared serum fractions of d > 1. 21 . Of these subfractions, only HDL 3 and denser apo A-l containing particles appear to have the ability to promote cholesterol transport from the 420 cell. 125 However, it is the serum concentration of HDL 2 that is inversely correlated with the risk for ischemic heart disease. 14 It is important, therefore, to further examine the roles played by the different HDL subfractions in the modulation of the cholesterol content of arterial wall cells. The present studies were conducted to evaluate the effects of the different HDL subfractions on cell cholesterol homeostasis in cultured human fibroblasts and arterial smooth muscle cells, with particular emphasis on the relative effects these HDL subfractions have on the cellular metabolism of LDL.
Methods

Cell Cultures
Normal human skin fibroblasts were grown from explants of punch biopsies of skin provided from the inner thighs of normal volunteers. Human arterial smooth muscle cells were grown from explants of intimal-medial segments of thoracic aorta obtained during vascular surgery by methods described previously. 15 Cells were grown in plastic tissue culture flasks in modified Dulbecco-Vogt medium containing 10% pooled human serum (smooth muscle cells) or 10% fetal bovine serum (fibroblasts) at 37°C in humidified incubators equilibrated with 5% CO 2 , 95% air. Cells were trypsinized from stock flasks (2 to 8 passages) and seeded in 35 mm plastic petri dishes using 1.5 ml of growth medium containing approximately 5 x 10 4 cells. Cells were grown in medium containing 10% serum and used just before reaching confluency, usually 5 to 7 days after plating. The growth medium was changed every 2 to 3 days. Unless indicated otherwise, the range of final cell densities for the experiments presented in this report was 110 ju.g to 170 fig protein/dish. Dishes were routinely preincubated for 48 hours with 10% whole human serum followed by an overnight (14 to 18 hours) incubation with serum-free medium containing 2 mg/ml bovine serum albumin (fraction V, Sigma Chemical Company, St. Louis, Missouri) before the experimental incubation. Previous results have shown that cells accumulate more sterol in the presence of human than fetal-bovine serum. 16 Overnight exposure to serum-free medium was performed to allow time for prebound lipoproteins to be displaced from the cell surface and for intracellular cholesterol metabolism to reach equilibrium, especially in regard to depletion of lysosomal pools of cholesterol esters. Albumin was included in the serum-free medium, since preliminary studies revealed that some source of medium protein was required to maintain cell viability during long-term incubations.
Lipoproteins and Lipoprotein-Deficient Serum
Lipoproteins were isolated from human serum by sequential ultracentrifugation. 17 The lipoprotein frac-tions were separated according to densities as follows: low density (LDL, d = 1.019-1.063); high density (HDL, d = 1.063-1.21); high density 2b (HDL 2b , d = 1.063-1.100); high density 2a (HDL 2a , d = 1.100-1.125); high density 3 (HDL 3 , d = 1.125-1.21); and "very high" density (VHDL, d = 1. 21-1.25) . For most studies, HDL 2b was used instead of HDL 2 (HDL 2b plus HDL 2a ) to maximize separation of HDL 2 particles from the smaller and denser particles that populate the HDL 3 fraction (HDL 3 serum concentrations are usually much greater than those of HDL 2 ). The HDL 2b fraction used in these studies had apoprotein A-l to A-ll ratios (wt/wt) of 6.0-8.0, at least twice as high as the A-l to A-ll ratios for HDL 3 (2.5-3.5). These ratios agree with those reported previously 1 for fractions designated HDL 2 and HDL 3 . In some cases, whole HDL (d = 1.063-1.21) was subjected to heparin-agarose affinity chromatography to remove apo E-and B-containing particles prior to separation into HDL, and HDL 3 . Whole HDL was passed through a heparin-agarose affinity column, essentially as described by Weisgraber and Mahley, 18 prepared by the method of Mitchell et al. 19 As evaluated by SDS polyacrylamide gel electrophoresis, these HDL preparations were free of both apo E and B. 2 In addition, these HDL preparations did not displace binding of 125 I-LDL to fibroblasts at 4° when the concentration of HDL was 100 times that of LDL (protein to protein). Unless indicated otherwise, concentrations of HDL subfractions were standardized according to their apo A-l content. Quantitation of apo A-l and A-ll was kindly performed by John Albers by methods previously described. 20 LDL and VHDL were iodinated with 125 I by the McFarlane monochloride procedure as modified for lipoprotein. 21 LDL was reconstituted with 14 C-cholesteryl oleate by the method of Krieger et al., 22 except that the heptane extractions were performed at 4°C rather than -10°C. The 14 C-cholesteryl oleate (New England Nuclear, Boston, Massachusetts, 54 mCi/ mmol) was diluted with unlabeled ester to a final specific activity of 1.3 ^Ci/mg of unesterified cholesterol equivalents. The amount of sterol in the reconstituted LDL was equivalent to 0.5 mg of unesterified cholesterol/mg LDL protein. More than 98% of the total 14 C radioactivity was in the ester form. The reconstituted LDL was displaced from binding sites on fibroblasts by excess untreated LDL and was completely precipitated by an apo B antibody.
Cellular Binding, Internalization and Degradation
Cell surface binding of 125 I-LDL, as an estimate of LDL receptor activity, was determined as previously described. 116 After incubation at either 37°C or 0°-4°C with the indicated concentration of 125 I-LDL, cells were extensively washed and 125 I-LDL was released from the cell surface by treatment with dextran sulfate. The amount of 125 I-LDL degraded by the cells at 37°C was determined from measurements of the appearance of trichloroacetate-acid-soluble 125 I radio-activity (noniodide) in the medium. 15 For the degradation studies, cells were routinely incubated with 25 fig to 30 /xg/ml 125 I-LDL protein, a concentration high enough to nearly saturate the LDL receptor. To prevent saturation of cholesterol acceptors in the medium during long-term incubations, 16 fresh medium was added to the dishes daily. Internal 125 I-LDL was estimated from the amount of 125 l-radioactivity that remained associated with the cell after extensive washing and dextran sulfate treatment. 1 Cells were dissolved in 0.1 N NaOH and aliquots were assayed for 12S l-radioactivity and protein content.
For studies using LDL reconstituted with 14 C-cholesteryl oleate, dishes containing cultured fibroblasts and cell-free dishes were incubated in parallel. Incorporation of LDL sterol into cellular sterols was estimated from the amount of 14 C radioactivity in cellular unesterified and esterified cholesterol. When cells were preincubated with reconstituted LDL to label cellular sterols, the efflux of the prelabeled sterol was estimated from the appearance of 14 C radioactivity in medium cholesterol. When cells were exposed to medium containing reconstituted LDL, there was a time-dependent increase in the unesterified 14 C-cholesterol content of the medium. This increase did not occur in cell-free dishes, and could be completely prevented by the addition of chloroquine to the medium. Since chloroquine blocks lysosomal degradation of LDL cholesteryl esters, 23 the appearance of labeled free cholesterol in the medium must represent LDL cholesterol esters that had been taken up by the cell, hydrolyzed by lysosomes, and excreted into the medium. Therefore, it was assumed that the rate of appearance (efflux) of unesterified ^-c h olesterol in the medium represented the rate of flux of LDL sterol through the cell. Values for ^-cholesterol efflux were obtained by subtraction of the amount of radioactivity as unesterified cholesterol in the medium of cell-free dishes from that in the medium of dishes that contained cells.
Cellular Cholesterol Content, Sterol Synthesis, and Cholesterol Esterlflcatlon
To estimate relative rates of sterol synthesis, cells were rapidly washed twice (at room temperature) with phosphate-buffered saline and then incubated at 37° with Krebs-Ringer phosphate buffer, pH 7.4, containing 0.2 mM sodium 14 C-acetate (2 to 5 yxCi/ ml). After 1 or 2 hours, the dishes were placed on ice, washed twice with ice-cold phosphate-buffered saline, and stored frozen until sterol extraction was performed. The same procedure was followed for estimation of rates of cholesterol esterification, except that 14 C-oleic acid bound to albumin was substituted for 14 C-acetate. The 14 C-oleic acid/albumin complexes were prepared as previously described. 1 For studies designed to estimate the cell content of cholesterol oleate, 14 C-oleic acid/albumin complexes were added directly to the culture medium during long-term incubations.
For extraction of cellular sterol, the frozen cells were scraped from the dishes with a teflon policeman into ice-cold CH 3 OH/H 2 O (2:1), and the lipids were extracted by addition of CHCI 3 as described previously. 116 Sterol was extracted from the incubation medium by treatment of 1.0 ml medium with 4.0 ml CHCI3/CH3OH (2:1). Esterified and unesterified cholesterol were separated by thin-layer chromatography as described previously. 116 For measurements of sterol synthesis and total cholesterol mass, the cellular lipids were saponified at 80° for 1 hour in ethanolic (95%) KOH (0.1 M) prior to thin-layer chromatography, and the amount of unesterified cholesterol 14 C radioactivity and mass were determined. For estimates of esterified cholesterol mass and cholesterol 14 C-oleic acid content, the cholesterol ester spot on the chromatographic plate was scraped into ethanolic KOH, saponified, and then washed with hexane and H 2 O. The top hexane phase was aliquoted for measurement of cholesterol mass and the bottom ethanol-H 2 O phase was counted for 14 C-oleic acid radioactivity. Negligible 12S I radioactivity was recovered in the ethanol-H 2 0 phase. Free and esterified cholesterol mass was determined by the enzymatic method of Heider and Boyett. 24 All results are expressed per milligram of cell protein determined on NaOH (0.1 N) extracts of precipitates of the CHCI.j/MeOH extracts. 1
Other Methods and Expression of Results
Incorporation of 3 H-thymidine into DNA was determined as described by Raines and Ross. 25 Cell protein was determined by the method of Lowry et al. 26 All results are expressed per milligram of cell protein determined on the same dish after 0.1 N NaOH digestion of either the washed (phosphate-buffered saline) monolayer or the lipid-extracted protein residue (from cholesterol determinations). Unless otherwise indicated, each value represents the mean of duplicate incubations. The coefficient of variation 1 was less than 10.0% for each experiment. In most cases, when each value represents the mean of three or more incubations, the standard error of the mean is also indicated.
Results
Studies from several laboratories have shown that exposure of cultured fibroblasts to acceptors that promote net cholesterol efflux results in changes in several biochemical processes related to cellular cholesterol metabolism, including activation of the LDL receptor, increased rate of sterol synthesis, and decreased cholesterol esterification. 1 " 5 As reported previously 12 and demonstrated in this report, HDLj promotes net cholesterol transport from cultured fibroblasts. The addition of HDL, to serum-free medium decreased the cell cholesterol content, increased Cultured fibroblasts grown in the presence of 10% fetal calf serum were washed twice with phosphatebuffered saline and incubated with serum-free medium containing 2 mg/ml albumin and the indicated HDL subfraction. After 24 hours, the dishes were washed twice with phosphate-buffered saline, and half the dishes were chilled to 4° and incubated with medium containing 5 /xg/ml 125 I-LDL, while the remaining dishes were pulse-incubated at 37° with medium containing 14 C-acetate, as described under Methods. The total cell cholesterol and cell protein contents were then determined, as described under Methods. Each value for LDL receptor activity, rates of sterol synthesis, and total cell cholesterol content represent the mean ± SEM of three, three, and six incubations respectively. the activity of the LDL receptor, and increased the rate of sterol synthesis (Table 1 ). In contrast, the addition of HDL^ to the medium at concentrations up to 60 /ng apo A-l/ml did not promote net cholesterol transport from fibroblasts and, when added to medium containing HDI_3, actually reversed the increase in cholesterol transport promoted by HDLj (Table 1) . Of the HDL subtractions studied, VHDL had the greatest ability to promote cholesterol transport from cultured fibroblasts. At VHDL concentrations that produce the maximum effect (above 20 /ng apo A-l/ ml), 1 the addition of HDLg to the VHDL medium caused no further increase in cholesterol transport from the cell ( Table 1) .
Since VHDL has a relatively low cholesterol-toprotein ratio and can promote cholesterol efflux at low concentrations, 1 it was possible to obtain reliable estimates of cholesterol transport from cells by direct measurements of the appearance of cholesterol in medium that contained VHDL. When fibroblasts were incubated with serum-free medium containing albumin, there was only a slight change in the sterol content of both the medium and cell during 24-hour incubations ( Figure 1 ). The addition of 10 ng apo A-l/ ml VHDL resulted in a decrease in the cell cholesterol content (Figure 1 B) associated with a corresponding increase in the cholesterol content of the medium (Figure 1 A) . These results provide further evidence that VHDL promotes cholesterol transport from cultured fibroblasts. Although VHDL continued to remove cholesterol from cells up to 24 hours of incubation, the maximum changes in LDL receptor activity and the rate of cholesterol esterification were evident after only 4 hours of exposure to VHDL ( Figure 2 ). Apparently, the activities of both the LDL receptor and the enzyme acyl-CoA:cholesterol acyl-transferase (ACAT) undergo rapid regulation in response to the initiation of cholesterol efflux from cells.
The enhancement of LDL receptor activity by HDL3 and VHDL appeared to be sustained over longterm incubations, even in the presence of LDL at concentrations that saturate the LDL receptor sites (> 25 iig protein/ml). The addition of HDL, and VHDL to serum-free medium containing 30 fig pro- Cultured human skin fibroblasts and human arterial smooth muscle cells were preincubated as described in Figure 1 followed by incubations with serum-free medium containing 2 mg/ml albumin, 30 /xg/ ml 12S I-LDL (see Methods), and the indicated subfraction of HDL (20 /xQ apo Al/ml). After 48 hours, the amount of 12S I-LDL degraded was determined as described in Methods. Fibroblasts were preincubated for 48 hours with medium containing 10% whole human serum to load cells with cholesterol, followed by an overnight incubation in serum-free medium containing 2 mg/ml albumin (see Methods). Cells were then washed twice with phosphate-buffered saline plus albumin (wash medium) and incubated with serumfree medium containing 2 mg/ml albumin with (o) or without (•) VHDL (10 /xg apo A-l/ ml). After the indicated time, trie dishes were placed on ice, the medium was removed, and the cells were washed twice with wash medium and twice more with albumin-free wash medium. The total cholesterol content of the medium (A) and the cells (B) were measured as described in Methods. Each value represents the mean ± SEM of four incubations.
Figure 2.
The effects of VHDL on 125 I-LDL binding and the rate of cholesterol esterrfication by cultured fibroblasts. Cultured fibroblasts were incubated as described in Figure  1 except that the VHDL concentration was 20 ^g apo A-l/ ml. After the indicated times, all dishes were washed twice at room temperature with phosphate buffered saline. Onenatf the dishes were chilled to 0° for 10 minutes while being bathed with the second wash medium, washed once again with ice-cold phosphate-buffered saline, and then incubated for 2 hours at 0° with medium containing 5 /ng/ml 125 I-LDL protein. The binding of ia l-LDL (LDL receptor activity) was determined as described in Methods. The other set of dishes was pulse-incubated at 37° for 1 hour with serumfree medium containing "C-oleic acid (17.0 /xM, 0.8 /xCi/ ml) bound to albumin (0.2%). The incorporation of the label into cell cholesterol esters was determined as described under Methods. tein/ml 125 I-LDL enhanced the rate of LDL degradation by fibroblasts during the 48-hour incubations, while the addition of HDLs, and HDL;,, had little effect ( Table 2) . Similar results were seen with cultured human arterial smooth muscle cells ( Table 2 ). The enhancement of LDL degradation by HDL, and VHDL was concentration-dependent but saturable, both HDL subtractions having maximum effects at concentrations at or below 20 fig apo A-I/ml (Figure  3 A) . Stimulatory effects of HDL3 on 125 I-LDL degradation were evident at medium LDL concentrations ranging from 2 ng protein/ml (data not shown) up to 100 /xg protein/ml (Figure 3 B) . In contrast, HDLĥ ad no stimulatory effect on LDL degradation regardless of the concentration of HDL^, (Figure 3 A) or LDL (Figure 3 B) .
Since growth factors have been shown to stimulate LDL receptor activity 27 and since HDL3 has been reported to be mitogenic, 28 studies were conducted to assess the mitogenic activity of the different HDL subtractions. Neither HDL, nor HDLa, alone or in combination had any effect on the incorporation of 3 H-thymidine into DNA of fibroblasts when the HDL subfractions were added to serum-free medium containing LDL (Table 3) . Moreover, when fibroblasts plated at a sparse density (1000 cells/cm 2 ) were grown for 14 days with medium containing lipopro-tein-deficient bovine serum plus LDL, the addition of HDL3 to the medium had no effect on the rate of cell proliferation (unpublished results). Apparently, the Table 3 
. Effects of Subfractions of HDL on Incorporation of 3 H-thymldlne into DNA of Cultured Fibroblasts
HDL subtraction
None HDL a * HDL 3 C-oleic acid into cholesterol esters was measured as described in Methods. Cellular cholesteryl 14 C-oleate content was estimated from the specific activity of medium u C-oleic acid, assuming that 1 /xmol of oleate was esterified to 387 /xg cholesterol. The values for LDL degradation are the means from duplicate dishes, while the values for cell sterol content represent the mean ± SEM of four dishes. The mean initial (Day 0) and final (Day 5) protein content per dish was 104 and 95 fxg protein, respectively. Results are from an experiment representative of five different experiments using either HDL 3 or VHDL that showed similar results. stimulatory effects of HDL, on LDL degradation by fibroblasts cannot be attributed to mitogenic activity.
The stimulation of LDL degradation by VHDL persisted for up to 5 days of incubation with serum-free medium (Figure 4 A) . The rate of LDL degradation was fastest during the first 48 hours of incubation, perhaps due to the lingering effects of serum growth factors. 27 The exposure of cells to LDL also caused an increase in the esterified cholesterol content in the cell (Figure 4 D) . Radiolabeled oleic acid was included in the incubation medium so that the cholesteryl oleate content of the cell could be monitored over the course of the incubation. Most of the cellular cholesteryl esters that accumulated during the first several days of incubation were cholesteryl oleate (compare panels C and D, Figure 4 ). The addition of VHDL to the medium resulted in a significant decrease in the cholesteryl oleate content of the cell. Although no effect was evident in Figure 4 B, other results from experiments using five different strains of fibroblasts demonstrated that VHDL also caused a significant decrease in the unesterified cholesterol content in the cell (a mean ± SEM decrease of 12.9 ± 2.6%). In addition to fibroblasts, cultured human arterial smooth muscle cells also degraded more LDL over a long-term incubation when either HDLg or Table 4 Human arterial smooth muscle cells grown in the presence of 10% human serum were washed twice with phosphate-buffered saline and incubated for 4 days with serum-free medium containing [ 14 C]oleic acid (0.27 mM) bound to albumin (0.95%), 50 /xg/ml 12S I-LDL protein, and the indicated concentration of HDL 3 . The medium was changed once after 48 hours. After 4 days, dishes were chilled, medium removed, and the cells were washed and extracted as described in Methods. Cellular protein and cellassociated 125 I radioactivity were measured on the NaOH digests of the protein residue recovered from CHCLj/MeOH extraction as described in Methods. Each value represents the mean ± SEM of four incubations. The zero time values for cell unesterified and esterified cholesterol were 20.6 ± 2 . 0 and 2.89 ± 0.4 ^g/mg cell protein, respectively. Figure 5 . The effect of VHDL on the utilization of reconstituted LDL by cultured fibroblasts. Cultured fibroblasts were preincubated with medium containing 10% human lipoprotein-deficient serum plus either 20 yuQ protein/ml labeled reconstituted LDL (A and C) or 20 pig protein/ml unlabeled, untreated LDL (B and D). Reconstituted LDL was prepared from LDL and 14 C-cholesteryl oleate as described in Methods. After 48 hours, all dishes were washed twice with phosphate-buffered saline and incubated for 16 hours with serum-free medium containing 2 mg/ml albumin. The dishes preincubated with labeled reconstituted LDL (A and C) were then incubated with serum-free, albumin medium containing 20 /ng protein/ml unlabeled LDL, while the dishes preincubated with unlabeled LDL (B and D) received medium containing labeled reconstituted LDL (20 /xg protein/ml). Where indicated (o, A), VHDL was added to the medium at a concentration of 20 /xg apo A-l/ ml. After the times indicated, the dishes were chilled on ice, the medium was removed and saved, and the dishes were washed four times. The amount of radioactivity in cellular (A and B) and medium (C and D) esterified (A, • ) and unesterified (o, •) cholesterol was determined as described in Methods. Each value represents the mean of duplicate (A and C) or quadruplicate (B and D) incubations. Bars for ± SEM are indicated for values that were significantly different (n = 4, p < 0.05).
. Effects of HDL 3 on 125 I-LDL Uptake and Degradation by Human Arterial Smooth Muscle Cells and on Cell Cholesterol Content over 4-Day Incubations
VHDL was added to the medium ( Table 4 ). The HDLj-induced increase in 12S I-LDL uptake and degradation by smooth muscle cells was associated with a decrease in the cellular content of unesterified and esterified cholesterol. As with fibroblasts, most of the cholesteryl ester mass in smooth muscle cells appeared to be cholesteryl oleate.
To study the effects of the different HDL subtractions on the relative rates of flux of cholesterol into and out of the cell, experiments were performed using LDL that had been reconstituted with 14 C-cholesterol oleate. 22 When fibroblasts were incubated with reconstituted LDL for 48 hours followed by 18 hours in serum-and lipoprotein-free medium, nearly all the cellular radioactive cholesterol was in the unesterified form (Figure 5 A) . Subsequent incubation with unlabeled LDL and no serum resulted in a slow rate of turnover of the prelabeled cellular cholesterol, with about 20% of the initial label appearing in the medium as unesterified cholesterol after 48 hours (Figure 5 C) . The addition of VHDL to the medium enhanced the rate of turnover of prelabeled free cholesterol, with an increase in medium radioactivity occurring after only 4 hours of incubation. Virtually none of the released radioactive sterol was in the esterified form, indicating that the serum esterifying enzyme, lecithin-cholesterol acyltransferase, was absent or inactive in these VHDL preparations. When fibroblasts were preincubated for 48 hours with unlabeled LDL prior to incubation with LDL reconstituted with t4 C-cholesterol oleate, a marked incorporation of the label into the cellular sterols was evident, with the fastest rate of incorporation occurring during the first 12 hours (Figure 5 B) . Most of the labeled sterol in the cell was in the unesterified form, indicating rapid hydrolysis of the incoming 14 C-cholesteryl oleate. The addition of VHDL to the medium significantly (p < 0.05) enhanced the rate of incorporation of the label into cell unesterified cholesterol by the 12th hour of incubation, presumably due to its ability to increase LDL receptor activity.
During the incubation with LDL reconstituted with 14 C-cholesteryl oleate, unesterified 14 C-cholesterol appeared in the medium (Figure 5 D) . This appearance could be completely blocked by chloroquine, indicating that lysosomal hydrolysis of incoming cholesterol esters is required and that the rate of efflux of unesterified 14 C-cholesterol represents the rate of flux of LDL cholesterol through the cell (see Methods, and Table 5 ). Whereas the fastest rate of uptake and hydrolysis of LDL-sterol occurred during the first 12 hours of incubation, the fastest rate of efflux of the newly internalized 14 C-cholesterol did not occur until after 24 hours (Figure 5 D) . These results indicate that after hydrolysis of incoming LDL particles, a pronounced period of transit time is required before the hydrolyzed cholesterol is released into the medium. Even in the presence of VHDL, which enhances the rate of cholesterol efflux and the rate of LDL uptake within several hours of exposure, a significant increase in the rate of flux of LDL cholesterol through the cell was not evident until after 12 hours of incubation ( Figure 5 D) .
In the presence of LDL reconstituted with 14 C-cholesteryl oleate, the addition of H D I^ to the medium also increased 14 C-cholesterol efflux after 48 hours of incubation (Table 5 ). Since H D L^ does not promote the net transport of cholesterol mass from the "Concentration equivalent to 40 /ig/ml apo A-l. tConcentration equivalent to 20 jig/ml apo A-l. Cultured fibroblasts were incubated for 48 hours with 20 /xg protein/ml LDL reconstituted with U Ccholesterol oleate as described in Figure 5 except that the HDL subf ractions in the medium were varied as indicated. Negative numbers for 14 C-cholesteroi efflux (c) indicate less radioactive unesterified cholesterol in the medium of dishes that contained cells than in the medium of the corresponding cell-free dishes (see Methods).
cell (Table 1) , it is likely that this 14 C-cholesterol efflux represented an exchange of labeled cellular cholesterol with unlabeled cholesterol in the H D I^ particles. The HDL^-induced increase in 14 C-cholesterol in the medium was associated with an equal decrease in labeled cholesterol in the cell, so that the total uptake of labeled LDL cholesterol was unaffected by HDLa. The addition of either HDL, or VHDL to the medium resulted in an increase in the unesterified 14 C-cholesterol content of both the cell and the medium, so that the total uptake of LDL cholesterol was increased. It is likely that exchange accounted for proportionally less of the efflux of free 14 C-cholesterol promoted by HDLj and VHDL than that promoted by HDLfc. The unesterified cholesterol/apo A-l ratio in HDLa, is more than three times that in HDL, or VHDL (data not shown). Assuming that the amount of cholesterol exchanged between the cell and the HDL particles is proportional to the unesterified cholesterol content of the particles, the amount exchanged in the presence of 40 ng apo A-l/ml HDL;,, would be at least sixfold greater than that exchanged in the presence of 20 yu, g apo A-l/ml HDLj or VHDL. The addition of HDLj, to medium containing HDLj or VHDL decreased to control values both the incorporation of labeled LDL sterol into cellular free cholesterol and the total uptake of LDL sterol (Table 5) . Although 14 C-cholesterol efflux was apparently unaffected by the addition of HDLa, to the HDLj or VHDL medium, it is likely that the proportionally more efflux in the presence of HDLa, represented an exchange of labeled cellular cholesterol for unlabeled HDL cholesterol. Regardless of which HDL subtractions were present, the addition of the lysosomal inhibitor, chloroquine, blocked hydrolysis of the incoming LDL sterol as well as 14 C-cholesterol efflux, demonstrating that the appearance of 14 C-cholesterol in the medium represented efflux of LDL sterol that had been taken up and hydrolyzed by the cell. The addition of chloroquine also increased total uptake of LDL sterol, perhaps due to further enhancement of LDL receptor activity as the result of a decreased supply of intracellular free cholesterol. The results in Table 5 indicate that HDLj and VHDL can increase the rate of incorporation of LDL cholesterol into cellular lipids and that this increased incorporation is blocked by the addition of HDLa,.
HDLj could not promote net cholesterol transport from fibroblasts or enhance the rate of uptake of LDL sterol when HDLa, was also present in the medium (see Tables 1 and 5 ). In addition, the enhancement of 125 I-LDL degradation by HDLj and VHDL was progressively reversed in the presence of increasing concentrations of HDLj,, ( Figure 6 ). One possible explanation for the inhibitory effects of HDLj, is that, even in the presence of LDL, HDLa, delivers cholesterol to the intracellular pool, resulting in the downregulation of LDL receptor activity to minimum values. To test for this possibility, fibroblasts were incubated under conditions similar to those in Figure  6 , except that the incubation time was limited to 4 hours (Figure 7) . The results from preliminary studies indicated that when fibroblasts were preincubated with lipoprotein-deficient serum to activate the LDL receptor, insufficient cholesterol was delivered to the cell during a 4-hour incubation with either LDL or HDL^, to completely down-regulate LDL receptor activity. The amount of 125 I-LDL bound to fibroblasts after a 4-hour incubation at 37°C with 25 pig/ml 12S I-LDL was higher when cells were preincubated with Figure 1 prior to incubation with serum-free medium containing 2 mg/ml albumin, 30 /ig/ml 125 I-LDL protein, and the indicated concentrations of HDL subtractions. After 24 hours, the amount of 125 I-LDL degraded was determined as described In Methods. The values for A and B were from separate experiments, using different preparations of HDL medium containing VHDL (Figure 7) . In the absence of other HDL subtractions, increasing the medium concentration of HDLa, had only a slight inhibitory effect on 12S I-LDL binding during the 4-hour incubations, regardless of the initial (zero time) activity of the LDL receptor. This inhibitory effect of HDL^ appeared to be due to direct competition for 125 I-LDL binding rather than down-regulation of LDL receptor activity, since similar results were also seen when the incubations were performed at 4° (Figure 7 , inset). Despite this slight inhibition, HDLa, did not markedly affect the relative degree of enhancement of LDL binding induced by preincubation with VHDL. When either HDLj or VHDL was added to the 125 I-LDL medium, in the absence of HDLa,, the amount of LDL bound to the cells during the 4-hour incubations was increased. This acute up-regulation of LDL binding was progressively reversed in the presence of increasing concentrations of HDLj,,. Apparently, directly blocked the stimulatory effects that and VHDL had on LDL receptor activity. Direct competition for 125 I-LDL binding by HDL, could be abolished by the removal of apo B-and Econtaining particles from the HDL, subtraction (data not shown). When whole HDL was subjected to heparin agarose affinity chromatography to remove apo B and E before separation into HDL, (d = 1.063-1.125 g/ml) and HDLj, the ability of HDLj, to block the effects of HDL3 was retained. Transport of cholesterol from fibroblasts by HDLj, as assessed by a reduced rate of cholesteryl 14 C-oleate synthesis, was abolished in the presence of excess apo B,E-free HDLj (Figure 8 ). This blocking effect was specific for The HDL 2 (d = 1.063-1.125 g/ml) was subjected to heparin-agarose affinity chromatography to remove apo B and E as described in Methods. After 4 hours at 37°, the cells were pulse-incubated for 1 hour with medium containing 14 C-oleic acid (17.5 fiM, 1.0 jiCi/ml) bound to albumin (0.2%). Control values for incubations with lipoprotein-free medium, HDL^ medium, and LDL medium were 82, 123, 210 pmol cholesteryl oleate/mg cell protein, respectively. HDL,, since it was not observed in the presence of LDL. These results provide further evidence that HDL, directly blocks the cholesterol transport-promoting effects of HDL3, and this blocking action is independent of the presence of apo B-and E-containing particles in HDL,.
Discussion
The results from the current study confirm those reported previously 1 showing that HDLj and VHDL promote net transport of cholesterol from cultured fibroblasts. In apparent response to the initiation of cholesterol efflux, the exposure of cells to HDLj or VHDL results in a rapid increase in LDL receptor activity in parallel to an increase in the rate of choles-terol synthesis and a decrease in the rate of cholesterol esterification. 12 The current results indicate that HDLj and VHDL can also increase the rate of 125 I-LDL degradation by cultured human fibroblasts and human arterial smooth muscle cells. The enhancement of LDL degradation was evident when HDL, or VHDL was added directly to medium containing 125 I-LDL at LDL concentrations equal to or greater than that needed to saturate the LDL receptor (25 fj.g to 100 fj.g LDL protein/ml). 29 Sustained increases in the rate of LDL degradation promoted by HDL3 and VHDL were observed for incubation periods longer than 5 days. Thus, even during longterm incubations with high concentrations of LDL, complete down-regulation of LDL receptor activity was prevented when either HDL, or VHDL was present in the medium.
The most likely explanation for the sustained stimulatory effects of HDLj and VHDL on LDL degradation by cells is that the HDL3 or VHDL particles transport cholesterol from cells at a rate fast enough to continually deplete the cholesterol in the cells, despite the presence of exogenous LDL sterol. Thus, cells maintain an elevated LDL receptor activity in an effort to replenish the intracellular "regulatory" pool of cholesterol. In support of this proposal are results demonstrating that the addition of HDL, or VHDL to medium containing LDL resulted in a sustained reduction in the cholesteryl oleate content of the cell. The cellular content of these esters is modulated by the activity of the enzyme acyl-CoA: cholesterol acyltransferase, 29 and this activity is suppressed when cells are depleted of cholesterol. 1 It is unlikely that the effects of HDL on LDL degradation are secondary to some mitogenic action of HDL, 2728 since the HDL preparations used in these studies had no apparent effects on the parameters of cell growth and proliferation.
Studies using LDL reconstituted with 14 C-cholesteryl oleate demonstrated that both HDLj and VHDL enhance the rate of flux of LDL cholesterol through the cell. The addition of VHDL to medium containing reconstituted LDL resulted in an increase in the rate of incorporation of LDL cholesterol into the fibroblasts and an increase in the rate of the appearance of LDL cholesterol in the medium after a delay of more than 12 hours. This delay period probably reflected the time required for transit of LDL cholesterol from its site of hydrolysis to a site on the cell surface where it became accessible for transport to the VHDL particles. This transit time would be expected if the unesterified cholesterol liberated from newly internalized LDL equilibrates with a large pool of cellular cholesterol before being excreted from the cell.
In contrast to HDL3 and VHDL, the major subclasses of HDL, (HDLjt, and H D L J could not promote the net transport of cholesterol from fibroblasts or smooth muscle cells. 12 ' 5 Apparently, the diffusion gradient between HDL, particles and the cell slightly favored the net transport of cholesterol into the cell. 1 -30 As a result, HDLj tended to inhibit the cellular uptake and degradation of LDL. The results from the present study also demonstrate that HDL, blocked the stimulatory effects that HDL3 and VHDL had on cholesterol transport from fibroblasts. For example, the decrease in cell cholesterol mass, the increase in LDL binding and degradation, and the increase in the rate of cholesterol synthesis induced by HDL, were markedly reduced or completely abolished when HDLj,, was added to the medium. The blocking effects of HDLj were unrelated to the presence of apo B-and apo E-containing particles in HDL,, since preparations of HDL, that were subjected to heparinagarose affinity chromatography also reversed the effects of HDL3. It appeared unlikely that the blocking effects of HDLj were due exclusively to the enhanced delivery of cholesterol to the cell. First, preparations of HDLjt, that had little apparent ability to deliver cholesterol to the cell could still block the stimulatory effects that HDLj and VHDL had on LDL binding and degradation. Second, HDL, caused an increase in LDL binding and a decrease in the rate of cholesterol esterification by fibroblasts in the presence of LDL but not in the presence of HDL,. As evident from the rate of cholesterol esterification by fibroblasts, LDL delivered more cholesterol intracellularly than did HDLj. One explanation for the blocking effects of HDL, is that cholesterol is directly transferred from the HDL, particle to HDLj or VHDL, thus reducing the efficacy of HDL, or VHDL as an acceptor for cellular cholesterol. Alternatively, HDL, may displace HDLj and VHDL from cell surface binding sites, thus interfering with the net transport of cholesterol from cell membranes to the HDL, and VHDL particles. Several different cell types, including cultured human fibroblasts and arterial smooth muscle cells, possess specific high-affinity HDL binding sites on the cell surface. 231 " 33 It has been postulated that the efflux of cholesterol from the cell is mediated by the binding of HDL to these high-affinity sites. 233 Although these binding sites are specific for HDL, they do not distinguish between the different HDL subtractions. 2 It is possible, therefore, that competition by HDL particles with different densities for a finite number of cell-surface binding sites plays an important role in the modulation of cholesterol transport across cell membranes.
An extensive number of epidemiological studies have shown a strong inverse correlation between serum HDL cholesterol concentration and the risk for ischemic heart disease. These results have led to the hypothesis that increased HDL cholesterol in the serum reflects an enhanced rate of clearance of cholesterol from peripheral cells, particularly cells of the arterial wall. 13 The results from the present study indicate that HDL, and VHDL not only remove cholesterol from cells, but they also produce a sustained elevation of LDL receptor activity and an enhanced rate of LDL degradation by the cells. This may increase the rate of clearance of LDL from the extracellular fluid, thus lowering its concentration and diverting it from the scavenger pathway. More recent evidence, however, suggests that it is an increase in cholesterol concentration in the HDLj subtraction that is associated with decreased risk for heart disease. 14 The results from the present study suggest that an accumulation of HDLj in the extracellular fluid would lead to a decrease in the rate of cholesterol transport from the cell. It seems likely, therefore, that if the increase in serum HDI^ cholesterol is associated with an increase in the clearance of cholesterol from peripheral tissues, then factors other than the availability of HDL particles must be involved in the regulation of cholesterol transport from cells. These factors may include specific enzymes, such as lecithin-cholesterol acyltransferase, and lipid transport proteins that may "drive" the entire transport process. 6 
